From a theoretical perspective, we demonstrate that nanometric magnetic skyrmions are created by application of a circularly polarized microwave magnetic field to a thin-plate Dzyaloshinskii-Moriya ferromagnet with fabricated rectangular holes. This phenomenon is caused by an effective steady magnetic field perpendicular to the microwave-polarization plane induced by the rotating magnetic field and the intense interference of spin waves excited by this magnetic field due to the hole structure, which causes reversals of local magnetizations and results in the formation of skyrmions. Our proposal provides a new option to write or create magnetic textures the sizes of which are much smaller than the spot size of the external stimulus such as magnetic field, light, and microwave.
I. INTRODUCTION
In ferromagnets with broken spatial inversion symmetry, the Dzyaloshinskii-Moriya (DM) interaction, which favors a rotating magnetization alignment with 90 • pitch angles, becomes active and competes with the ferromagnetic-exchange interaction, which favors a parallel magnetization alignment. This keen competition results in the formation of magnetic skyrmions, that is, particle-like magnetic textures with a quantized topological invariant under an external magnetic field of appropriate strength [see Fig. 1(a) ] [1] [2] [3] [4] . Skyrmions belong to a different topological class from the ferromagnetic state and thus cannot be created or erased in the ferromagnetic state under continuous deformation of the magnetization alignment, which gives their robustness and stability against external disturbances. In addition, magnetic skyrmions can be driven at ultralow energy costs. For example, it is known that their translational motion can be induced by the injection of spin-polarized electric currents via the spin-transfer torque mechanism; its threshold current density turns out to be five or six orders of magnitude smaller than that required to drive other magnetic textures [5] [6] [7] . For this reason, the skyrmion has attracted a great deal of research interest in the spintronics field from the viewpoint of their potential applications to high-performance magnetic memory devices 4,8,9 . Many experimental demonstrations and theoretical proposals of skyrmion creation have been reported so far 10 , in which several kinds of external stimuli are exploited to realize magnetization reversals required for skyrmion formation such as magnetic field 9, 11, 12 , electric current [13] [14] [15] [16] [17] [18] [19] [20] , electric field [21] [22] [23] [24] [25] [26] [27] [28] , laser light [29] [30] [31] [32] , and many others [33] [34] [35] [36] . Basically, it is much easier to create skyrmion lattices and skyrmion bubbles compared with nanometric single skyrmions because it is not necessary to squeeze the field-applied spot finely to a nanometric area for the lattice and bubble forms of skyrmions. Here the skyrmion lattices are crystallized forms of skyrmions, and the skyrmion bubbles are magnetic bubbles charac-FIG. 1: (a) Magnetization configuration of a magnetic skyrmion, (b) Schematic of the application of a circularly polarized microwave magnetic field to a ferromagnetic state in a thin-plate sample of a chiral-lattice magnet. (c) Rest coordinates (x, y, z) and rotating coordinates (ξ, η, ζ) with ξ axis parallel to the circulating microwave magnetic field HΩ = HΩ(cos Ωt, sin Ωt, 0) in the xyz representation. (d) Effective magnetic field Htot acting on magnetizations where its in-plane component comes from the rotating microwave magnetic field HΩ, whereas its out-of-plane component is composed of two contributions, that is, the static external magnetic field Hex and an effective steady component −Ω/γez induced by the circularly polarized microwave.
terized by a skyrmion-like magnetization configuration with a large size of micrometer order. However, to exploit magnetic skyrmions as information carriers in memory devices, it is necessary to establish a technique to create single skyrmions at an intended nanometric area with a low cost in energy. However, there has been only a few successful experimental demonstrations of the controlled creation of nanometric single skyrmions in spite of a lot of theoretical proposals. This is because it is technically difficult to squeeze the external stimulus to the size of a nanometer spot. One previous experiment succeeding in the one-by-one creation of nanometric skyrmions is based on the spin-polarized current injection via a tip electrode 33 , which is, however, not an easy technique because it requires equipment of the scanning tunneling microscopy. Theoretically, a lot of methods have been proposed so far such as methods based on the magneticfield application 12 and the electric-current injection 13 to a thin-plate sample of chiral-lattice ferromagnet with fabricated nanometer-sized notch(es) or hole(s) and methods based on the local electric-field application with a needleshaped electrode to a thin-plate sample of chiral-lattice multiferroics 21, 22 .
In this paper, we propose from a theoretical perspective a controlled technique to create magnetic skyrmions using irradiation with a circularly polarized microwave magnetic field to a thin-plate sample of chirallattice magnet with fabricated two rectangular holes [see Fig. 1(b) ]. We first discuss how a circularly polarized magnetic field effectively induces a steady magnetic field perpendicular to the plane of the circular microwave polarization, where its magnitude is proportional to the microwave frequency Ω = 2πf . Next, we perform micromagnetic simulations based on the Landau-Lifshitz-Gilbert (LLG) equation to simulate the magnetization dynamics and the skyrmion creation processes under application of a circularly polarized microwave field. Our method exploits intense interferences of microwaveactivated spin waves caused by the rectangular holes to realize local magnetization flop to create skyrmion seeds. Advantages of our method are (1) we can create skyrmions in an intended nanometric area between the fabricated holes without squeezing an applied microwave field and (2) we can create individual skyrmions efficiently with a low cost in energy by exploiting the microwave-active resonant excitations of magnetization. Recently, experimental techniques for circularly polarized microwave irradiation have been developed that strongly support the realization of our proposal 37 .
II. THEORY OF THE PHYSICAL MECHANISM
We discuss how a rotating magnetic field effectively induces a steady magnetic-field component perpendicular to the rotation plane. Here we consider a dimensionless magnetization vector m ≡ −S/h with S being a spin vector. The Zeeman coupling between m and a rotating magnetic field H Ω is given by,
where γ(= gµ B /h) is the electron gyromagnetic ratio. From this Hamiltonian, we derive the time evolution equation for m with respect to the rest coordinates,
The rotating magnetic field H Ω is represented by H Ω = H Ω (cos Ωt, sin Ωt, 0) with respect to the rest coordinates, the magnetization vector m written in the coordinates rotating with this field is
where e ξ , e η and e ζ are unit directional vectors of the rotating coordinate system [see Fig. 1 (c)], which are represented with respect to the rest coordinates as e ξ = (cos Ωt, sin Ωt, 0), e η = (− sin Ωt, cos Ωt, 0), and e ζ = (0, 0, 1). The ξ-axis is chosen parallel to the H Ω field. Taking the time-derivative of both sides of Eq. (3), we obtain
where (. . .) R denotes a vector expressed in the rotating coordinates with bases e ξ , e η and e ζ . In the derivation, we used relations
Substituting the following two relations,
and
into Eq. (6), we obtain
This equation indicates that the circularly polarized in-plane magnetic field effectively acts as a magnetic field given by H R = (H Ω , 0, −Ω/γ), which contains a steady out-of-plane component proportional to angular frequency Ω [see Fig. 1(d) ] and therefore induces a magnetization component perpendicular to the plane. In this way, a rotating microwave magnetic field H Ω induces or switches the magnetization. The physical origin of the perpendicular steady field component is an angular momentum transfer from the rotating magnetic field to the magnetic moment, and the above argument based on the coordinate translation successfully provides its formulation. In fact, this kind of argument is often used to explain the principles of magnetic-moment switching by π-pulse or π/2-pulse in the nuclear magnetic resonance (NMR) measurements 38, 39 .
III. DETAILS OF NUMERICAL SIMULATIONS
To demonstrate the skyrmion creation with a circularly polarized microwave magnetic field, we perform micromagnetic simulations using the LLG equation,
(10) Here m i (≡ −S ih ) represents a dimensionless classical magnetization vector on the ith site of the square lattice where S i is the spin vector. The norm m = |m i | is fixed at unity. The first term of the right-hand side describes the precession of local magnetization on the ith site around the effective magnetic field H eff i , which can be calculated from the Hamiltonian H as
The second term is a phenomenologically introduced damping term in which α(=0.04) is the Gilbert-damping coefficient.
The Hamiltonian is composed of two terms, H=H 0 +H (t).
The first term H 0 is the model Hamiltonian for a thin-plate specimen of a chiral-lattice magnet. This term contains the ferromagnetic-exchange interaction, the DM interaction, and the Zeeman interaction associated with a static external magnetic field H ex = (0, 0, H ex ) applied perpendicular to the sample plane. This Hamiltonian is given by 40, 41 ,
The strength of the DM interaction is fixed at D/J=0.27, whereas the intensity of the static external magnetic field is fixed at γhH ex /J=0.057. Note that we neglect the magnetic dipole interaction in the present study because we know that it does not affect both static and dynamical behaviors of the nanometric skyrmions for the following two grounds. First, we can theoretically argue that the sample thickness must be unphysically thin, i.e., less than 1 nm, in order to create skyrmions with a diameter of approximately 10 nm by the magnetic dipole interaction 7 . This indicates that for samples thicker than 1 nm, which is usually the case for real experiments, we can neglect the effects of magnetic dipole interaction on the static properties of nanometric skyrmions. Second, a recent work based on the combined experimental and theoretical studies in Ref. 42 confirmed that the resonance frequencies, the eigenmodes and even the excitation amplitudes of microwave-activated magnetic skyrmions in a chirallattice magnet Cu 2 OSeO 3 change only little upon the 
Here we introduce dimensionless quantities, τ , ω and h, respectively for time, angular frequency, and magnetic field as,
Using these dimensionless quantities, we rewrite the term H as
with h ω = h ω (cos ωτ, sin ωτ, 0) and h ω = γhH Ω /J. We analyze the LLG equation in Eq. (10) using the fourth-order Runge-Kutta method and trace the spatiotemporal dynamics of the magnetizations. The unit conversions when J=1 meV are summarized in Table I .
IV. RESULTS
We first simulate magnetization dynamics when a circularly polarized microwave field h ω with h ω =0.018 is applied to a uniformly field-polarized ferromagnetic state in a system without any spatial structures such as notches and holes. Here we use a system of N = 100 × 100 sites with periodic boundary conditions. Figure 1 (a) shows the simulated time profiles of the out-of-plane component M z of net magnetization M =(1/N ) i m i for various microwave frequencies ω. The continuous irradiation with the microwave is started at τ =0. We find that the magnetization M z shows a damped oscillation that saturates to a certain finite value. We plot in Fig. 2 In the present instances, the magnetic field h tot acting on local magnetizations is composed of two contributions: the static external magnetic field h ex and the rotating microwave magnetic field h ω . More specifically, the in-plane component of h tot corresponds to the inplane component of h ω , whereas the out-of-plane component of h tot is a sum of the external magnetic field h ex and an effective steady component −ωe z induced by the rotating microwave field [see inset of Fig. 2(b) ]. Consequently, the total magnetic field h tot is given by,
Note that the out-of-plane component h ex − ω is time-independent, whereas the in-plane components h ω (cos ωτ, sin ωτ ) are dynamical. The net magnetization M temporally changes its direction to follow this dynamical magnetic field h tot , but its out-of-plane component becomes steady when the irradiated system assumes a nonequilibrium steady state after sufficient duration. The saturated out-of-plane component M sat z in the nonequilibrium steady state is given by
The solid line in Fig. 2(b) depicts the behavior of this magnetization component and perfectly coincides with the values of M sat z from simulations. This indicates that the local magnetizations m i temporally oscillate uniformly in space. Indeed, simulated snapshots of the spatial profiles of the temporally oscillating m zi at selected moments in Fig. 2(c) show spatially uniform oscillations of m i in the transient stage before magnetization saturation. To create magnetic skyrmions, however, it is necessary to reverse the magnetizations locally to form skyrmion cores. This means that applying a circularly polarized microwave field cannot create skyrmions as long as spatially uniform systems are considered, as in the present simulations.
We next simulate magnetization dynamics when a circularly polarized microwave field h ω (τ ) with h ω =0.018 is applied to a ferromagnetic system with a fabricated structure. Figure 3(a) shows the simulated time profiles of M z for various microwave frequencies ω when a system has a rectangular notch encompassing 5 × 16 sites [see Fig. 3(b) ]. When the microwave frequency ω is small as ω ≤ 0.05, they behave as damped oscillations saturating to a certain value similar to those in Fig. 2(a) . In contrast, the behaviors are entirely different when ω is large as ω = 0.06. They show beating and even chaos, which can be attributed to complicated reflections and interferences of excited spin waves caused by the notch. In Fig. 3(c) , simulated snapshots of the spatial profiles of temporally oscillating m zi at selected moments are shown for ω=0.04 and ω=0.06. We find that in contrast to a rather spatially uniform distribution of m zi for a small ω(=0.04), it shows a complicated distribution for a large ω(=0.06). More importantly, both negative and positive m zi coexist in the latter indicating that local reversals of magnetizations take place when the amplitudes of magnetization oscillations are locally amplified by a significant interference effect of the spin waves. Note that this effect is caused purely by the introduced notch structure but not by the system edge because the periodic boundary conditions are again imposed and thus edges are absent in this system.
The local magnetization reversals caused by the spinwave interferences indeed result in the creation of magnetic skyrmions. We simulated the creation processes by application of a circularly polarized microwave field h ω (τ ) with h ω =0.018 to a field-polarized ferromagnetic state in a system with two rectangular holes [see inset of Fig. 4(a) ]. The skyrmion formation is detectable by calculating the skyrmion number N sk . The skyrmions are characterized by a quantized topological invariant which corresponds to a sum of solid angles spanned by three neighboring magnetization vectors. One skyrmion has a topological invariant of −4π because the magnetization vectors constituting a skyrmion point in every direction wrapping a sphere once. Therefore, the quantity N sk is calculated by,
Figure 4(a) shows the simulated time profiles of N sk for different microwave frequencies, ω=0.045 and ω=0.05.
Here the system is irradiated with a continuous microwave field from τ =0 to τ =300, after which the irradiation is stopped. The skyrmion number N sk starts increasing immediately afterwards, indicating that skyrmions are created, and after a sufficient duration converges to a finite value. In Figs. 4(b) and (c), we display simulated snapshots of the magnetization distributions at selected moments during the skyrmion creation for two different microwave frequencies, specifically, (b) ω=0.045 and (c) ω=0.05. The applied microwave field activates spin waves of the ferromagnetically aligned magnetizations, and the excited spin waves propagate and are reflected by the fabricated holes. The reflected spin waves mutually interfere in complicated manners that result in spatially inhomogeneous amplitudes of the magnetization oscillation. In consequence, both areas with positively oriented magnetizations and those with negatively oriented magnetizations emerge and coexist as seen in the snapshots at τ =250. After the microwave irradiation is stopped, the system gradually relaxes and most of the magnetizations become reoriented along the external magnetic field h ext . However, some of the areas with reversed magnetizations remain to seed skyrmions. After sufficient relaxation, these skyrmion seeds grow to be skyrmion cores, resulting in the skyrmion formation.
It should be mentioned that the area sandwiched by the holes is an important parameter rather than the size of holes for successful skyrmion creation in this technique. We need to prepare an area larger than the skyrmion diameter, which is determined by the ratio D/J where D and J are strengths of the DM interaction and the ferromagnetic exchange interaction, respectively. This is because this area should be large enough to host skyrmion seeds with locally reversed magnetizations. But, at the same time, the area should be small enough to realize efficient interferences of spin waves before they are damped. Therefore, we use a system in which the distance between two faced edges of the rectangular holes is set to be 60 sites. This distance is twice larger than the skyrmion diameter of 33 sites with the ratio D/J=0.27 used in the present study. Figure 5(a) shows simulated time profiles of N sk when a circularly polarized microwave field with h ω =0.018 is applied to the system [inset of Fig. 4(a) ] for various microwave frequencies ω. Again, we trace the magnetization dynamics for both the activation process under application of the microwave field from τ =0 to τ =300 and the subsequent relaxation with no microwave field from τ =300. We find that the number of created skyrmions N sk after a sufficient relaxation is not monotonically dependent on ω, although the steady perpendicular component of the effective magnetic field h ex − ω is linearly dependent on ω. This non-monotonic ω dependence is clearly seen in the plot of N sk at τ =600 as a function of ω in Fig. 5(b) , which indicates that N sk has a maximum at ω ∼ 0.055.
To understand this non-monotonic behavior and maximum peak, we investigated time profiles of M z by varying the microwave frequency ω [see Fig. 5(c) ]. We find that the value of M z starts decreasing right after the microwave irradiation sets in because the microwave field effectively reduces the steady out-of-plane component of the magnetic field from h ex to h ex − ω. The magnetization M z has a minimum at a certain instant and then increases. This behavior covers the first half-cycle of the damped oscillation of M z . Note that if we continue the irradiation, the magnetization M z should saturate to a certain value after the damped oscillations or should keep oscillating [ Fig. 3(a) ]. However, the irradiation is stopped before completion of the first cycle of oscillation. In this initial oscillation process, its amplitude is governed by the sensitivity or susceptibility of the system to the microwave magnetic field, and it tends to be enhanced when the microwave has a frequency close to the ferromagnetic resonance frequency. The previous theoretical study revealed that the ferromagnetic resonance is located around ω ∼ 0.055 when the strength of the DM interaction is D/J=0.27 as used in the present study 43 . In Fig. 5(d) , we plotted the maximum value of −M z in the initial oscillation process under microwave irradiation, which represents the extent of the microwave-induced magnetization reversal. We see a peak around ω=0.055, indicating that the applied microwave field reverses the magnetizations efficiently when ω is close to the ferromagnetic resonance. This efficient magnetization reversal leads to an abundant creation of skyrmions and hence the observed peak in N sk around ω = 0.055 [ Fig. 5(b) ].
Note that the magnetization dynamics during the skyrmion-creation process is in a strongly nonlinear regime because of the large amplitude of magnetization oscillations induced by the strong microwave magnetic field. However, we find that the microwave frequency for the most efficient skyrmion creation coincides with the ferromagnetic resonance frequency in the linear regime predicted in the previous theoretical study 43 . A possible reason is as follows. When the magnetizations start oscillating in the very beginning process of the magnetization switching, their dynamics is in the linear regime because of the small amplitude of oscillation. We expect that the efficiency of skyrmion creation is governed by whether the applied microwave field can induce this initial magnetization oscillation efficiently because once the magnetizations could start oscillating, the oscillation amplitude can be easily enhanced by their inertial behaviors. Hence, the most efficient skyrmion creation occurs when the microwave frequency is tuned at the ferromagnetic resonance frequency in the linear regime.
We also studied the microwave-duration dependence of skyrmion creation. The magnetization dynamics were simulated for the activation period during which a microwave field h ω with h ω = 0.018 is applied from τ =0 to τ =T d and the subsequent relaxation with no irradiation after τ =T d for various lengths of duration T d . Two instances with different microwave frequencies, specifically, In contrast, when T d is short, the magnetization M z stops its oscillation at t = T d and then gradually returns to its initial fully polarized ferromagnetic state monotonically. Because the microwave-induced effective steady magnetic field −ωe z is weak when ω is small, the value of M z almost remains positive, and therefore the system is far from displaying a total reversal of magnetizations. Then the skyrmion number N sk scales more or less with duration T d . However, when ω is large, the microwave-induced effective steady magnetic field −ωe z is strong and therefore induces an intense oscillation of M z with a large amplitude [ Fig. 6 (f), (black) solid line]. In this instance, the oscillating M z takes a large negative value. Indeed, the minimum value of M z reaches almost −1 when T d =200, which corresponds to a nearly perfect reversal of magnetizations. If we stop the microwave irradiation when M z ∼ −1 at this moment, the system assumes a negatively polarized ferromagnetic state, which reverts back to its initial positively polarized ferromagnetic state. In this transient period, a huge number of skyrmions are created.
Figures. 6(g)-(n) display snapshots of the simulated spatiotemporal dynamics of magnetizations under the application of a circularly polarized microwave magnetic field with ω=0.055 and T d =200, for which we observe the explosive creation of skyrmions. Here panels (g)-(j) correspond to the activation process under the application of the microwave field during 0 ≤ τ ≤ T d , whereas panels (k)-(n) correspond to subsequent relaxation process without the microwave field when τ > T d . Starting from a positively fully field-polarized ferromagnetic state with m iz > 0 at τ =0 [ Fig. 6(g) ], the applied circularly polarized microwave field reverses magnetizations over almost the whole area and a negatively polarized ferromagnetic state emerges at τ =200 [ Fig. 6(j) ].
Immediately after the microwave irradiation is stopped at τ =T d =200, reorientations of the magnetizations commence the recovery of the initial positively field-polarized ferromagnetic state.
The reorientations first occur around the rectangular holes because the magnetizations easily change their orientations at edges of the rectangular holes via gradual and continuous rotations from downwards to upwards. As seen in Fig. 6 (k)-(n), areas of reoriented magnetizations pointing upwards (red areas) grow and spread quickly. In this transient period, a lot of skyrmion seeds are created. Eventually, we obtain a huge number of skyrmions and skyrmion seeds in the field-polarized ferromagnetic state at τ =950 [ Fig. 6(n) ]. Note that the skyrmion sizes in Figs. 6(m) and (n) seem to be distributed. This is because these two figures show transient periods of the skyrmion creation before relaxation. The finally created skyrmions after sufficient duration of relaxation should have the same size of 33 sites determined by the ratio of D/J=0.27, which corresponds to 16.5 nm if we assume a typical lattice constant of 5Å.
V. SUMMARY AND DISCUSSION
To summarize, from a theoretical perspective, we have studied a technique to create magnetic skyrmions by applying a circularly polarized microwave field to a ferromagnetically ordered system with DM interactions. We discussed how the circulating microwave magnetic field effectively induces a steady magnetic field component perpendicular to the circular-polarization plane where its magnitude is proportional to the angular frequency ω. We performed micromagnetic simulations based on the LLG equation and demonstrated that nanometric magnetic skyrmions can be created by the application of a microwave to a thin-plate specimen with fabricated rectangular holes. These holes locally amplify the spin waves excited by this effective magnetic field, which induces local reversals of the magnetizations that form into skyrmions. Recent intensive studies have uncovered many interesting microwave-related phenomena of magnetic skyrmions, and knowledge of their microwave device functions has been accumulated [43] [44] [45] [46] [47] [48] [49] . Moreover, magnetic skyrmions have attracted a great deal of research interest because of their potentials for applications to spin-based electronics. Our proposal paves an alternative path in creating magnetic skyrmions as building blocks of skyrmion-based electronic devices including memories, logic gates, and microwave detectors and provides challenging issues in fundamental science 4, 8, 9, [50] [51] [52] .
It should be mentioned that there have been a lot of important proposals about switching, creation, and excitation of a magnetic vortex or magnetic skyrmion confined in a nanodot using the microwave irradiation so far [53] [54] [55] [56] [57] . These methods cleverly avoid the difficulty in squeezing a spot of microwave application by restricting the magnetization distribution to a nanometric dot-shaped sample. Our proposal is distinct from these previous methods and has an advantage against them. Specifically, our method can create magnetic skyrmions in a device or sample of arbitrary shape and size. Indeed, the skyrmion-hosting nanodots may be technically useful for microwave detection/generation devices and skyrmion-based magnetoresistive random access memories (skyrmion-MRAM). However, a lot of potential applications of skyrmions such as skyrmion-based race-track memories, magnonic crystals, logic gates, and brain-inspired computation devices require skyrmions hosted in a thin-plate sample large enough to realize moving, alignment and mutual interaction of skyrmions in it. In this sense, our method proposed here may be useful for these kinds of technical applications. 
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